We investigate properties of material ejected dynamically in the merger of black hole-neutron star binaries by numerical-relativity simulations. We systematically study dependence of ejecta properties on the mass ratio of the binary, spin of the black hole, and equation of state of the neutron-star matter. Dynamical mass ejection is driven primarily by tidal torque, and the ejecta is much more anisotropic than that from binary neutron star mergers. In particular, the dynamical ejecta is concentrated around the orbital plane with a half opening angle of 10
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• and often sweeps only a half of the plane. The ejecta mass can be as large as ∼ 0.1M , and the velocity is subrelativistic with ∼ 0.2-0.3c for typical cases. The ratio of the ejecta mass to the bound mass (disk and fallback components) becomes high and the ejecta velocity is large when the binary mass ratio is large, i.e., the black hole is massive. The remnant black hole-disk system receives a kick velocity of O(100) km s −1 due to the ejecta linear momentum, and this easily dominates the kick velocity due to gravitational radiation. Structures of postmerger material, velocity distribution of the dynamical ejecta, and fallback rates are also investigated. Tight correlations are suggested to exist between the gravitational-wave frequency at the maximum amplitude and tidal coupling constant. We also discuss the effect of ejecta anisotropy on electromagnetic counterparts, specifically a macronova/kilonova and synchrotron radio emission. 
I. INTRODUCTION
Coalescences of black hole-neutron star binaries are one of the most promising gravitational-wave sources for ground-based laser-interferometric detectors [1] [2] [3] , along with those of binary neutron stars and binary black holes. The sensitivity of these detectors will reach a sufficiently high level in the coming years to detect gravitational waves from compact binary coalescences more often than once a year [4, 5] . The first direct detection of gravitational waves must have dramatic impact on fundamental physics. Furthermore, gravitational waves from binaries involving neutron stars will tell us neutron-star properties like the radius, compactness, and tidal deformability. Knowledge of neutron-star properties will allow us to constrain the equation of state of nuclear-and supranuclear-density matter, and therefore gravitational waves will also give us valuable information on nuclear physics.
Simultaneous detection of electromagnetic radiation from compact binary mergers, i.e., electromagnetic counterparts to gravitational waves, is eagerly desired [6, 7] . It will support gravitational-wave detection and enhance scientific returns from each coalescence event. For example, source localization on the celestial sphere is much more accurate with electromagnetic instruments than with gravitational-wave detector networks [8] . Gravitational-wave data analysis benefits from accurate localization by solving degeneracy between the sky location and other amplitude parameters such as the luminosity distance. Accurate localization of the source is also indispensable to find its host galaxy and to determine the cosmological redshift. By combining these information, the luminosity distance-redshift relation will be derived without relying on the cosmic distance ladder, 1 and we will obtain a novel method to test cosmological models [10] . Besides, effective sensitivity of gravitational-wave detector is improved if we could know the coalescence time and/or sky location of a binary from electromagnetic counterparts [11] .
Among the candidates of electromagnetic counterparts, a short-hard gamma-ray burst and its afterglow are vigorously studied both theoretically and observationally (see Refs. [12, 13] for reviews). While whether compact binary coalescences can really drive short-hard gamma-ray bursts is still an open question, future simultaneous detection with gravitational-wave chirp signals will prove this hypothesis. Prompt emission is so bright that it can be easily detected by gamma-ray satellites within the horizon distance of gravitational-wave detec-tors. Accurate localization is possible if an associated afterglow is observed at longer wavelengths. Short-hard gamma-ray bursts do not, however, always serve as counterparts to gravitational waves because of their presumably jet-like geometry. If the typical jet opening angle is 10
• as suggested by jet-break observations [14, 15] , the fraction of gravitational-wave events accompanied by observable short-hard gamma-ray bursts will be a few % at best.
In recent years, electromagnetic counterparts have been getting a lot more attention, and many isotropic emission models are studied. Most of the proposed models require ejection of unbound material from the binary, 2 where examples include a macronova/kilonova powered by decay heat of unstable r -process elements [20] [21] [22] [23] and nonthermal radiation from electrons accelerated at blast waves between the ejecta and interstellar medium [24, 25] . Possible emission from the ejecta will be isotropic if the ejecta has spherical geometry and/or a subrelativistic velocity. Such a "4π-counterpart" is ideal for follow-up observations, because it will accompany a majority of gravitational-wave events unlike beamed radiation of short-hard gamma-ray bursts.
Despite its forty-years-old history in theoretical astrophysics [26, 27] , mass ejection from the compact binary merger is a young research topic in numerical relativity. Most of the previous black hole-neutron star binary simulations in numerical relativity were performed aiming at deriving gravitational waves in the late inspiral and merger phases and at clarifying properties of remnant accretion disks formed after tidal disruption of neutron stars (see Ref. [28] and references therein for earlier works). Mass ejection has not been studied in detail compared to these topics in full general relativity [29] [30] [31] [32] [33] , whereas substantial effort to clarify mass ejection has been made in simulations performed in Newtonian gravity or approximate general relativity [34] [35] [36] (see also Refs. [37] [38] [39] [40] [41] [42] [43] ). It is pointed out that dynamical ejecta from binary neutron star mergers become less massive and more isotropic in full general relativity [44] or conformal flatness approximation [45] than in Newtonian gravity [35, 46, 47] . The difference due to realism of the gravity should be most pronounced when a black hole is involved as already suggested by existing works. Thus, it is natural that numerical relativity is vital to study mass ejection from the black hole-neutron star binary merger.
In this study, we perform simulations of black holeneutron star binary mergers using numerical-relativity code SACRA [48] and investigate dynamical mass ejection extending our preceding work [49] . In particular, we focus on kinematical properties of dynamical ejecta such as the mass and velocity. Compared to our previous simulations [29] , we adopt large computational domains to track long-term evolution of ejecta. Because the dynamical ejecta has a velocity comparable (a few tens of %) to the speed of light as shown in this study, the large computational domains are essential for reliable estimation of ejecta properties. We also improve the treatment of artificial atmosphere (inevitable in conservative hydrodynamic schemes) from our previous works [29, [50] [51] [52] [53] and confirm that ejecta properties depend only weakly on the atmosphere. We do not, however, study disk winds expected to be driven by unincorporated physics. This paper is organized as follows. Section II describes our models of black hole-neutron star binaries including neutron-star equations of state. Our numerical methods are also described, and diagnostics of simulations are presented with particular emphasis on the ejecta defined as unbound material. Numerical results of the simulations are presented in Sec. III. After briefly reviewing the merger dynamics in Sec. III A, dynamical mass ejection processes are described in Sec. III B. Dependence of characteristic quantities on binary parameters is discussed in Sec. III C, and the material structure is investigated in Sec. III D. We also study fallback material, remnant black hole-disk systems, and gravitational waves in Sec. III E, Sec. III F, and Sec. III G, respectively. Possible electromagnetic counterparts from black hole-neutron star binaries are discussed based on the results of simulations in Sec. IV. Specifically, Sec. IV A describes the macronova/kilonova and Sec. IV B describes synchrotron radio emission from accelerated electrons. Section V is devoted to a summary. Numerical values of characteristic ejecta quantities derived by simulations are summarized in Table III . Readers interested primarily in electromagnetic counterparts should read Sec. IV, of which important results are described in Ref. [49] .
Notational conventions are summarized as follows. Throughout this paper, we adopt geometrical units in which G = c = 1, where G and c are the gravitational constant and speed of light, respectively. Exceptionally, c is sometimes inserted for clarity when we discuss the velocity of ejecta or fluid element. Greek and Latin indices denote the spacetime and space components, respectively. The black-hole mass, neutron-star gravitational mass, and neutron-star circumferential radius in isolation are denoted by M BH , M NS , and R NS , respectively. The dimensionless spin parameter of the black hole, 3 total mass of the system at infinite separation, mass ratio, and compactness of the neutron star are defined as χ ≡ S BH /M II. NUMERICAL METHOD
A. Zero-temperature equation of state
We model equations of state of zero-temperature neutron-star matter by piecewise polytropes [54] . Neutron stars in compact binaries right before the merger will be cold enough to be modeled by zero-temperature equations of state (see, e.g., Ref. [55] ). However, the realistic equation of state of neutron-star matter is not known precisely yet. Therefore, it is necessary to adopt various equations of state systematically to span a plausible range of neutron-star properties. Piecewise polytropes are suitable for this purpose, because those with one and three pieces for crust and core regions, respectively, are known to be able to approximate nuclear-theory-based equations of state accurately with a small number of parameters [54] . Following Ref. [54] , we employ piecewise polytropes of the form
where P is the pressure and ρ is the rest-mass density, with i ∈ {0, 1, 2, 3} in this study. It is always assumed that ρ 0 = 0 and ρ 4 → ∞. We fix parameters for the lowest-density, crust region to be
κ 0 = 3.998 736 92 × 10 −8 (g cm
We further set ρ 2 = 10 14.7 g cm −3 ≈ 5.0 × 10 14 g cm −3 and ρ 3 = 10 15.0 g cm −3 to reduce the number of free parameters. Requiring the continuity of P (ρ), each piecewise polytrope is characterized by four parameters. We choose the free parameters to be the pressure at ρ 2 , denoted by P 2 = P (ρ 2 ), and adiabatic indices for the core, {Γ 1 , Γ 2 , Γ 3 }. Table I lists parameters of piecewise polytropes adopted in this study as well as neutron-star properties computed using them. The naming convention and parameters follow Ref. [54] . APR4 [56] is computed by a variational method incorporating three-nucleon interactions and relativistic boost corrections. This equation of state gives the smallest radius of a 1.35M neutron star, R 1.35 = 11.1 km, and thus APR4 is the softest equation of state among those adopted in this study. Accordingly, tidal disruption is less pronounced for neutron stars modeled with APR4 than those modeled with the other equations of state. ALF2 [57] is a hybrid equation of state obtained combining a nucleonic, APR-type equation of state at low density and a quark-matter equation of state with quantum chromodynamics corrections at high density. H4 [58, 59] is computed by relativistic mean-field theory incorporating hyperons with the stiffest possible parameters (at the time). MS1 [60] is also derived by relativistic mean-field theory for nucleonic matter and gives R 1.35 = 14.4 km, which is the largest value in this study. Thus, MS1 is an extreme example with which tidal disruption occurs most violently.
In practice, a very-high-density regime is not relevant to black hole-neutron star binary coalescences as far as canonical-mass neutron stars with M NS ≈ 1.35M [61, 62] are concerned. The reason for this is that the maximum rest-mass density of the system, i.e., the central density of the neutron star and maximum density in the remnant accretion disk, is a decreasing function of time except for subdominant oscillations. The rest-mass density at the center of an isolated 1.35M neutron star, ρ 1.35 , never exceeds ρ 3 for the equations of state adopted in this study (see Table I ), and hence Γ 3 never plays a role in black hole-neutron star binary coalescences. For MS1, even Γ 2 is irrelevant, because ρ 1.35 is lower than ρ 2 .
4 This situation is in stark contrast to that of binary neutron star coalescences, which depend crucially on the high-density regime of equations of state.
In this study, we regard quantities associated with 1.35M neutron stars as characteristic quantities of the equation of state rather than the maximum mass M max , which is sensitive to behavior of matter at high density. Table I shows the baryon rest mass M * , compactness C, quadrupolar tidal Love number k [63, 64] , and dimensionless quadrupolar tidal deformability Λ ≡ (2/3)kC −5 of a 1.35M neutron star, in addition to R 1.35 , ρ 1, 35 , and M max . Note that all the equations of state can support ∼ 2M neutron stars and satisfy constraints from observations of massive pulsars [65, 66] , and thus they are possible candidates of the realistic equation of state.
B. Initial condition
We adopt quasiequilibrium states of black hole-neutron star binaries as initial data of our simulations in the same manner as Refs. [29, 52, 53] . Here, we briefly describe the computational method of quasiequilibrium states, and the details are found in Refs. [29, 67] . Numerical computations are performed using multidomain spectral method library LORENE [68] .
We solve a subset of the Einstein equation and the hydrostatic equilibrium equations assuming the existence of helical symmetry. Hamiltonian and momentum constraints are solved by a mixture of the conformal transverse-traceless decomposition [69] and extended conformal thin-sandwich formulation [70, 71] imposing the spatial conformal flatness, maximal slicing, and preservation of them in time. The singularity associated with the black hole is handled in the puncture framework [72] , and thus we obtain initial data of the induced metric γ ij and extrinsic curvature K ij everywhere on the initial hypersurface (except for the exact location of the puncture, with which simulation grids are chosen not to coincide). The neutron-star matter is modeled by a perfect fluid expressed by an energy-momentum tensor of the form
where h ≡ 1 + ε + (P/ρ) is the specific enthalpy, ε is the specific internal energy, and u µ is the fluid fourvelocity. We further assume that the fluid is in a zerotemperature and irrotational state during the computation of initial data, and hydrostatic equilibrium configurations are obtained by solving the continuity equation and local energy-momentum conservation equation [73] [74] [75] [76] .
Parameters characterizing a black hole-neutron star binary are specified in initial data computations (see Refs. [29, 67] for the details). For simplicity, we always choose M NS to be a typical mass of observed binary neutron stars, M NS = 1.35M , in this study [61, 62] . With this choice, the black-hole mass, M BH , is uniquely determined by the mass ratio, Q, which we regard as an independent parameter instead of M BH itself. We only consider cases in which the spin angular momentum of the black hole is zero or aligned with the orbital angular momentum of the binary, 5 and thus the spin is fully characterized by its dimensionless magnitude, χ. The orbital angular velocity of a binary Ω is determined by a force-balance condition at the center of the neutron star for a given orbital separation. We use a dimensionless orbital angular velocity m 0 Ω to characterize initial data rather than the orbital separation.
C. Dynamical simulation
Our numerical simulations are performed using an adaptive-mesh-refinement code SACRA [48] . The Einstein evolution equations are solved in a BaumgarteShapiro-Shibata-Nakamura formulation [78, 79] . We evolve the conformal-factor variable W , conformal metric γ ij , conformal connection functionΓ i , extrinsic curvature 5 We will report results of cases in which the black-hole spin angular momentum is inclined with respect to the orbital angular momentum in a subsequent paper [77] .
trace K, and conformally-weighted traceless part of the extrinsic curvatureÃ ij defined by
where Cartesian coordinates are adopted. The lapse function α and shift vector β i are evolved by a moving puncture gauge condition [80, 81] of the form
where B i is an auxiliary vectorial variable and η s is a free parameter. Initial data of the lapse function are given by α = W , and the shift vector is initialized as β i = 0 with B i = 0. We adopt η s ≈ 1/m 0 in this study. Hydrodynamic evolution equations are solved by a high-resolution shock-capturing central scheme [82] with third-order piecewise parabolic reconstruction [83] . We evolve the conserved rest-mass density ρ * , conserved momentum density ρ * ûi , and conserved energy density ρ * ê defined via
Equations of state adopted in dynamical simulations comprise cold and thermal parts. The former is taken to be piecewise polytropes described in Sec. II A, and the latter is given by an ideal-gas-like form
where the thermal-part specific internal energy is defined by ε th (ρ, ε) ≡ ε − ε cold (ρ) with ε cold (ρ) the cold-part specific internal energy computed by piecewise polytropes. Total pressure is given by P = P cold (ρ) + P th (ρ, ε), where P cold (ρ) is computed by piecewise polytropes. We choose a fiducial value of Γ th to be 1.8 following Ref. [44] (see also Ref. [84] ), and also adopt 1.6 and 2.0 for selected models (see App. A 3). Note that these values are larger than that adopted in our previous works [29, 52, 53] , in which Γ th is always chosen to be Γ 0 (see Eq. (2)).
In our simulations, all the postmerger material is governed effectively by the same sub-nuclear-density equation of state irrespective of the adopted piecewise polytrope. Specifically, when the rest-mass density falls below ρ 1 , the equation of state is given by the sum of the crust polytrope and thermal correction,
The values of ρ 1 are computed as (κ 0 ρ
for each piecewise polytrope (see Sec. II A) and take 0.9-2 × 10 14 g cm −3 . The rest-mass density never exceeds these values after tidal disruption of neutron stars.
An artificial atmosphere has to be set carefully to study mass ejection accurately. According to Ref. [44] , we put an atmospheric density floor of the form
where ρ * ,0 is the maximum (conserved) rest-mass density of the initial configuration. We typically choose f at = 10 −12 and n at = 3, and vary them for selected models (see App. A 2). The critical radius R crit is chosen to be L/16, where L is the size of the computational domain on one side (see below). The atmospheric velocity is set to be zero, and the atmospheric pressure is given by zerotemperature equations of state.
The grid structure of SACRA is summarized as follows. Computational domains are composed of nested equidistant Cartesian grids, and each grid has (2N + 1, 2N + 1, N + 1) points in (x, y, z) directions. The equatorial symmetry is imposed on the z = 0 plane. We adopt N = 60 as a fiducial value, with which the neutron-star radius is covered by 50 points in the finest grid. We also perform simulations with N = 40 and 48 for selected models to check the convergence of ejecta properties (see App. A 1). The outer boundary is a cuboid
, and outgoing-wave boundary conditions are imposed except for the z = 0 plane. As for the adaptive-mesh-refinement grid structure, we prepare l c coarser nonmoving grids and l f finer moving grids. Namely, we have l c + 2l f computational grids spanning l c + l f refinement levels, which we always choose to be 9 in this study. The nonmoving grids are fixed around an approximate center of mass throughout the simulation. One set of the moving grids follows the black hole, and the other set follows the neutron star. Starting from the coarsest level as l = 0, the lth level has a grid spacing ∆x l ≡ L/(2 l N ), and we specifically denote the grid spacing at the finest level by ∆x ≡ L/(2 lc+l f −1 N ). Finally, time steps of all the moving grids are chosen by setting the CourantFriedrichs-Lewy factor to be 0.5, and those of the nonmoving grids are chosen to agree with that of the l c th level (i.e., the coarsest moving grid). In other words, the Courant-Friedrichs-Lewy factor is given by 0.5/2 lc−l in the nonmoving grids. Table II lists black hole-neutron star binary models considered in this study. We name each model after the equation of state, mass ratio, and black-hole spin. For example, APR4-Q3a75 is a binary modeled with the APR4 equation of state, Q = 3, and χ = 0.75. Recall that M NS = 1.35M for all the models. Table II also presents the dimensionless initial orbital angular velocity m 0 Ω 0 , Arnowitt-Deser-Misner mass M 0 , and orbital angular momentum of the system J 0 . Here, J 0 is defined from an Arnowitt-Deser-Misner type integral by subtracting the spin angular momentum associated with the puncture.
D. Binary model and grid setting
We take the mass ratio, Q, from {3, 5, 7}, and the dimensionless spin parameter, χ, from {0.75, 0.5, 0}, where the spins are always prograde, i.e., parallel to the orbital angular momentum. Currently, neither the typical mass nor spin of stellar-mass black holes is known from observations. Thus, we perform simulations systematically adopting various values of them along with equations of state to predict possible outcomes of binary mergers. Here, Q = 3, 5, and 7 correspond to M BH = 4.05M , 6.75M , and 9.45M , respectively. The low-mass black hole with ≈ 4M is consistent with an observation of a black hole-Be star binary [85] , which could evolve into a black hole-neutron star binary, whereas the existence of a mass gap around 3-5M is frequently debated [86, 87] . The middle-mass, ≈ 7M , and massive, ≈ 10M , black holes are safely expected to exist from observations of x-ray binaries [86, 87] . The spin parameter is even less constrained than the mass is [88] , and we simply take various values within our computational capabilities (see Ref. [31] for simulations of a near-extremal black holeneutron star binary). We pay, however, less attention to high-mass and low-spin black holes. This is because such black holes are not able to disrupt companion neutron stars before they reach the innermost stable circular orbit [28] , and thus the merger process is essentially the same as that of binary black holes [89] . We also do not pay attention to retrograde spins, i.e., antiparallel to the orbital angular momentum, irrespective of the value of Q due to the same reason.
Table II also shows the adaptive-mesh-refinement grid structure for each simulation. We always choose (l c , l f ) = (5, 4) for Q = 3 and (4, 5) for Q = 5 and 7. In all the cases, the hydrodynamic evolution equations are solved only within L/2 ≈ 1500 km for one side. Because it turns out later that a typical velocity of dynamical ejecta is 0.2-0.3c, the ejecta motion can be safely tracked over ∼ 10 ms. At the same time, the box size is larger than the initial gravitational wavelength, and thus outgoingwave boundary conditions are appropriate there as far as the gravitational wavelength is covered by 10 grid points.
TABLE II. Key parameters of initial data and grid structures of simulations for models adopted in this study. Names of models represent the equation of state, mass ratio (Q), and dimensionless spin parameter of the black hole (χ). m0Ω0, M0, and J0 are the dimensionless initial orbital angular velocity, Arnowitt-Deser-Misner mass, and orbital angular momentum of the system, respectively. As for grid configurations, lc and l f are the numbers of coarser nonmoving grids and of a half of finer moving grids, respectively. The grid spacing at the finest level for N = 60 (fiducial resolution) is shown in physical units as well as a value normalized by m0 ≈ 2(Q + 1) km. The grid number assigned to the semimajor diameter of the neutron star is given by R diam /∆x for the direction along the binary separation. The box size L is shown in physical units as well as a value normalized by the initial gravitational wavelength λ0 = Ω0/π. 
Ejecta
We analyze global ejecta properties by integrals over unbound material [44] . We define the ejecta to be unbound material identified by a criterion u t < −1, which becomes correct for a particle moving along its geodesics in a stationary spacetime. Because we are handling a fluid in a dynamical spacetime, this criterion is only approximate and becomes especially poor in the vicinity of remnant black hole-disk systems. Our computational domains always extend to 1000 km, where the gravitational potential in geometrical units is 0.01-0.02, and thus we expect that typical errors associated with this approximate criterion are a few %. Strictly speaking, hu t rather than u t is a conserved quantity associated with a fluid in a stationary spacetime. We check that the results depend only weakly on the choice of criteria, because shock heating does not play an important role in dynamical mass ejection from black hole-neutron star binaries (see Sec. III B). In consideration of the fact that our current simulations do not incorporate any process other than shocks responsible for heating and cooling such as neutrino interaction, we decide to neglect thermal effects for the purpose of classification. Because h ≥ 1 by definition, our estimates should be regarded as conservative. In addition, this allows us to compare our results directly with those of existing studies in numerical relativity (e.g., Refs. [33, 44] ).
The rest mass outside the apparent horizon including both bound and unbound portions is computed by the integral,
where r AH is the angle-dependent coordinate radius of the apparent horizon. The ejecta mass is defined by an unbound portion of the rest mass as
We also define the bound mass by
which may be composed of the remnant disk and fallback material. We do not, however, rigorously distinguish these two components due to the absence of reasonable criteria. The kinetic energy of ejecta T ej is defined following Ref. [44] . First, the total energy of ejecta is defined by
whereas the gravitational binding energy is not (and cannot be in general relativity) appropriately subtracted. Next, the internal energy of ejecta is defined by
Finally, the kinetic energy of ejecta may be defined by subtracting the rest mass and internal energy from the total energy as
Although the internal energy is likely to be converted to the kinetic energy in the long run, we do not count U ej as a part of T ej in this study. This does not affect the results, because U ej is smaller than T ej by orders of magnitude. Using the mass and kinetic energy of ejecta, we may also define their average velocity as
using the Newtonian relation. It should be cautioned that the kinetic energy and average velocity defined in this manner are not calculated taking the gravitational binding energy associated with remnant black hole-disk systems into account. This implies that these measures overestimate asymptotic values when evaluated in the vicinity of black hole-disk systems independently of the validity of u t < −1 and that they are reliable only for distant regions. For this reason, we typically measure the quantities of ejecta at 10 ms after the onset of merger, when the dominant portion of the ejecta leaves the central region but still resides in our computational domains. We also compute the linear momentum of ejecta, which indicates the degree of ejecta anisotropy. Components of the linear momentum of ejecta may be defined by
where the z component vanishes identically due to the equatorial symmetry in this study. The magnitude of the linear momentum is given by
and the center-of-mass velocity of ejecta may be defined by
which we call the bulk velocity in this paper. When the system is symmetric with respect to the equatorial plane, the bulk velocity vanishes if (but not only if) the ejecta is axisymmetric. A relation v ej ≤ v ave always holds. If the ejecta is modeled by an axisymmetric outflow truncated at an opening angle ϕ ej , we have v ej = v ave sin(ϕ ej /2)/(ϕ ej /2). These measures suffer from the gravitational binding energy in the vicinity of black hole-disk systems as T ej and v ave do. Thus, they should also be estimated at a distant region. The propagation direction of ejecta with respect to our coordinate system may be characterized by an angle defined from the linear momentum,
In addition to these integral quantities, the mass spectrum with respect to the asymptotic velocity, or simply the velocity distribution of ejecta, is estimated. The asymptotic velocity of each fluid element is defined from an asymptotic Lorentz factor −u t as
Here, we use −u t instead of the Lorentz factor seen from the Eulerian observer, αu t , because the latter predicts the lower end of ejecta velocity to be the local escape velocity rather than zero. To derive the velocity distribution, we only analyze unbound material on the equatorial plane and rescale the total mass to M ej measured over the full region by Eq. (15) . To compensate this geometrical restriction, the mass of each fluid element is weighted by the distance from the coordinate origin, r, when computing the total mass of unbound material on the equatorial plane. This procedure is acceptable for black hole-neutron star binary mergers, because material ejected dynamically from neutron stars is concentrated around the equatorial plane (see Sec. III B).
Fallback material
We estimate fallback rates of bound material based on Newtonian relations [90] . The motion of the bound material is assumed to follow a ballistic trajectory determined by the energy and angular momentum of each fluid element. For this purpose, we only analyze bound material on the equatorial plane and rescale the total mass to M bd measured over the full region by Eq. (16) in a similar manner to the computation of the velocity distribution of ejecta.
A fluid element on each grid point of the second largest (l = 1) domain, which is the largest domain where the hydrodynamic evolution equations are solved, is identified as an isolated test particle with the mass ρ(∆x 1 ) 3 neglecting the spacetime curvature at a selected time slice. The specific energy (excluding the rest mass)Ẽ and specific angular momentumJ of the particle are estimated to beẼ
where we only consider bound material identified by u t ≥ −1 and thereforeẼ ≤ 0. We neglect h − 1 in the same manner as the classification of the bound and unbound material. The azimuthal velocity, u ϕ , is defined from Cartesian components by transformation with respect to the coordinate origin, which does not correspond exactly to the black-hole position nor center of mass (see discussions in Sec. III E). Assuming the presence of a central mass M c , the semimajor axis and eccentricity of the orbit are given by
in Newtonian gravity. Accordingly, the periapsis and apoapsis distances are given by r p = a fb (1 − e fb ) and r a = a fb (1 + e fb ), respectively. We define the fallback time of each particle to be the duration to reach the periapsis. The particle is assumed to obey the Newtonian equation of motion,
regarding u r as the radial velocity. This equation can be integrated analytically to give the fallback time for a particle at r = r i as
where P fb ≡ 2π a 3 fb /M c is the orbital period and
Specifically, I(r a ) is P fb /4. It would be useful to recall that the orbital period is given by
For a particle with e fb = 0, which appears in the central region, we simply set t fb = P fb /2. Physically, components with e fb ≈ 0 should be regarded as the accretion disk rather than fallback material, while we do not have quantitative criteria to distinguish them. Such a particle does not contribute in any way to the long-term fallback rate due to its short orbital period. We apply the same remedy for a particle that happens to satisfy e 2 fb < 0 and/or r i < r p due to numerical errors, approximate identification of the azimuthal velocity, or abuse of Newtonian relations. In this study, M c is always approximated by m 0 ignoring the energy loss due to gravitational waves and existence of the mass outside the black hole, M r>rAH . We checked that the results depend only weakly on the precise value of M c . Finally, the fallback rate is computed by dividing the material into small segments according to the fallback time asṀ
where ∆M (t) is the mass of fluid elements satisfying t ≤ t fb < t + ∆t and ∆t(t) is arbitrarily chosen to be ≈ t/10. When we evaluate ∆M (t), the mass of each fluid element is weighted by r in the same way as done in the computation of the velocity distribution of ejecta. It should be cautioned that, however,Ṁ fb does not necessarily correspond to the black-hole accretion rate nor electromagnetic luminosity, because a part of the fallback material may be blown off from the disk as a wind or envelope [91] . We do not discuss the fate of fallback material in this study.
Black hole
Properties of remnant black holes are estimated by integrals on apparent horizons as in our previous works [29, [50] [51] [52] [53] . Assuming that the spacetime is approximately stationary, the black-hole mass is estimated by
where C e is the equatorial circumferential radius of the apparent horizon. The spin parameter of the remnant black hole χ f is estimated via the relation of Kerr black holes,
where C p is the polar circumferential radius,r + = 1 + 1 − χ 2 f is the normalized radius of the outer horizon, and E(z) is an elliptic integral defined by
Comparisons among different estimates of the spin parameter suggest that the systematic error associated with this method is ∆χ f 0.01 [29, 50, 51] , and we do not repeat them here.
Gravitational waves
Our method to compute gravitational waves and related quantities are summarized as follows (see App. B of Ref. [92] for the details). We extract the Weyl scalar Ψ 4 at ≈ 400M from the coordinate origin by projecting onto spin-weighted spherical harmonics with ∈ {2, 3, 4} and extrapolate them to null infinity by a perturbative method [93] . The energy, linear momentum, and angular momentum carried by gravitational waves are computed by integrating Ψ 4 in time [94] . The time integration for calculating them and for deriving gravitational waveforms are performed by a fixed frequency integration method [95] . Because we always impose the equatorial symmetry, we only consider the z component for the radiated angular momentum and denote it as ∆J GW . The radiated linear momentum, which only has the x and y components, is decomposed into the magnitude ∆P GW and angle Φ GW in the same way as the ejecta (see Eq. (22) and Eq. (24), respectively). The radiated energy is denoted as ∆E GW .
III. RESULT OF SIMULATIONS
In this section, we present results of our numerical simulations. Numerical values of characteristic quantities are shown in Table III , to which we refer repeatedly throughout this section. These values are estimated consistently at 10 ms after the onset of merger. 
A. Overview of merger dynamics
To begin with, we briefly review dynamics of black hole-neutron star binary mergers (see Ref. [28] for details). Black hole-neutron star binaries evolve as a result of gravitational radiation reaction and eventually merge. Our initial conditions are chosen to evolve ∼ 3.5-7.5 orbits before the merger, where the exact numbers depend on model parameters. Eccentricities are estimated to be e ∼ 0.01-0.02 for all the models using methods described in Ref. [92] , and they introduce uncertainties of the same order in ejecta properties (see App. A 4 for the estimation).
Fate of the system after the merger is determined primarily by competition between the orbital separation at 6 We define the time of the onset of merger by the condition that a part of neutron-star matter of mass 0.01M falls into the apparent horizon in this and also previous works [29, 52, 53] .
which tidal disruption occurs (hereafter, tidal disruption radius), r td , and the radius of the innermost stable circular orbit, r ISCO . If r ISCO is larger than r td , no appreciable tidal disruption occurs, and the neutron star is simply swallowed by the black hole. In this case, the remnant disk, fallback material, and ejecta are all negligible for our astrophysical interest. We do not pay particular attention to such cases in this study, while models like APR4-Q3a0 and ALF2-Q7a5 fall into this category (see the next paragraph). By contrast, if r td is larger than r ISCO , a part of disrupted material spreads around the black hole in the form of a tidal tail, while more than a half is still swallowed. Figure 1 shows rest-mass density profiles on the equatorial plane in the central region at selected time slices for H4-Q5a75 as an example of this category. Material that remains outside the apparent horizon can be divided into bound and unbound material, and the former is always dominant over the latter for the models considered in this study. 7 Furthermore, the bound material may be divided into the disk and fallback components. The unbound component is generated primarily by tidal torque exerted on the elongated neutron star during tidal disruption, and details of the dynamical mass ejection process are described separately in Sec. III B.
Tidal disruption occurs appreciably when (i) the neutron-star equation of state is stiff and the compactness is small, (ii) the mass ratio is small, and/or (iii) the black-hole spin is large (for a prograde orbit). These three conditions are reflected in our naming convention of the models. Note that, if we presume M NS to be fixed, the conditions (i) can be rephrased by "the neutronstar radius is large," and (ii) by "the black-hole mass is small." On one hand, r td is expected to scale in the same way as the mass-shedding radius r ms , which is determined by the condition that the black-hole tidal force becomes equal to the neutron-star self gravity at the stellar surface (see, e.g., Ref. [28] ),
and the dependence on the black-hole spin is not very strong [96, 97] . On the other hand, r ISCO is written aŝ r ISCO (χ)M BH , wherer ISCO (χ) is a decreasing function of the dimensionless spin parameter, χ [98] . Recalling R NS /M BH = 1/(CQ), the ratio should be expressed as
and a large value of this ratio indicates that tidal disruption could occur in an appreciable manner. This expectation has been verified by previous works which studied disk formation and gravitational-wave emission [28] , and Table III indicates that dynamical mass ejection also becomes efficient when these three parameters are advantageous for tidal disruption. Dependence of ejecta properties on these parameters is discussed in more detail in Sec. III C.
B. Mass ejection process and morphology
We first explain mechanisms of dynamical mass ejection and general properties of ejecta by closely investigating APR4-Q3a75 in Sec. III B 1. Mass ejection mecha-nisms and qualitative trends are the same for all the black hole-neutron star binary models simulated in this study, whereas differences in (semi)quantitative properties are found. We next discuss differences in ejecta geometry among models in Sec. III B 2. Characteristic quantities and their differences are described in Sec. III C.
Case study: APR4-Q3a75
Figure 2 depicts the typical process of dynamical mass ejection at tidal disruption referring to APR4-Q3a75. Once the tidal disruption sets in, the neutron star is elongated drastically and forms a tidal tail. While the high-density innermost part is immediately swallowed by the black hole, the outer part spreads to a distant orbit and lags behind. Thus, the tidal tail exhibits a trailing one-armed spiral structure. Because this structure is not aligned with the direction of gravitational attraction, the black hole exerts tidal torque to the tail at the expense of the orbital angular momentum. The outer part of the tail moves further outward due to the gain of angular momentum, and the outermost part obtains sufficient kinetic energy to become unbound from the system as marked by black curves in Fig. 2 . In the course of this process, the pressure gradient in the tidal tail should also boost the outer part. Because low-density material occupies a large fraction of the volume, it might appear that most of the tail obtains an outward radial velocity during the merger, whereas a large fraction of mass is actually accreted by the black hole. This angular momentum transport proceeds in an unstable manner until the tidal tail winds around the black hole and collides with itself to form a nearly axisymmetric black hole-disk system. This mechanism generates most of the dynamical ejecta as well as bound material which eventually falls back to the black hole-disk system.
Although a small amount of unbound material appears to be ejected toward ϕ ∼ −45
• with a large velocity in Fig. 2 , this would be an artifact created by the artificial atmosphere and finite grid resolutions as we discuss in App. A 5. This observation is consistent with Ref. [33] . The mass, energy, and linear momentum of this component is negligible compared with the main component discussed in the previous paragraph, and thus the values shown in Table III are not affected.
Dynamical mass ejection from black hole-neutron star binaries is anisotropic [49] . Figure 2 shows that the dynamical ejecta takes a crescentlike shape on the equatorial plane during its early evolution for APR4-Q3a75. Although the relative size of central "eclipse," i.e., a region occupied by bound material, will become negligible as the rear velocity approaches zero (see below), the ejecta never sweeps the whole equatorial plane. Furthermore, it is concentrated around the equatorial plane and does not extend above the central black hole, because this mass ejection is driven by tidal torque, which works most efficiently in the equatorial plane. This situation should be contrasted with dynamical mass ejection from binary neutron stars, in which quasiradial oscillations of remnant massive neutron stars eject an appreciable amount of material toward polar regions via shock interaction [44] . To elucidate the difference, we show the thermal part of specific internal energy, ε th , in Fig. 3 . As shocks do not play a role, the tidal tail including the ejecta is not heated significantly except for the self-colliding region of the tidal tail. The self-colliding shock interaction eventually thermalizes and circularizes material in the central region, and a hot accretion disk is formed. We will discuss properties of the accretion disk later (see also Sec. III F). Apparent heating at the outermost part of the tidal tail is caused by the artificial atmosphere and thus spurious.
Figures 2 and 3 suggest that the dynamical ejecta originates from the outer core and crust of the neutron star retaining its very low electron fraction (the number of electrons per baryon), Y e 0.1, at zero temperature [56] . 8 Because M ej for APR4-Q3a75 is comparable to the typical mass of neutron star crusts, 0.01M (see, e.g., Ref. [99] ), the ejecta stripped from the outermost part of the tidal tail stems not only from the crust but also from the core. In fact, M ej for other binary models can easily exceed the typical crust mass. Nevertheless, the ejecta would not come from the inner core, because the densest part of the neutron star is swallowed by the black hole and bound material separates the black hole and ejecta. Thus, the dynamical ejecta should come mainly from the outer core and partly from the crust. The absence of shocks suggests that the low electron fraction of the outer core is not modified very much during dynamical mass ejection, and this is consistent with results obtained by previous smoothed-particle-hydrodynamics simulations [34] [35] [36] . Such ejecta are expected to be a promising site of r -process nucleosynthesis producing predominantly second-and third-peak elements via fission cycling, while the production of first-peak elements may not accompany [100] . Figure 4 shows long-term evolution of the dynamical ejecta in the distant region. This figure shows that the outer edge of the ejecta expands in a nearly homogeneous manner after the angular momentum transport by tidal torque ceases. The azimuthal component of velocity decreases approximately as r −1 due to the angular momentum conservation and soon becomes negligible compared to the radial component as shown in Fig. 4 . This implies that the kinetic energy of ejecta is dominated by the radial velocity, and thus the average velocity, v ave , estimated from the kinetic energy approximately equals to the typical radial velocity. Opening angles of ejecta in the equatorial and also meridional (not shown in Fig. 4) FIG. 2. Rest-mass density profile for APR4-Q3a75 during tidal disruption and dynamical mass ejection. Note the different spatial and density scales among the columns. Black filled circles show the interior of apparent horizons. Black arrows show the spatial component of covariant four-velocity, ui. Unbound components satisfying ut < −1 are marked by black curves, and we checked that contours marking hut < −1 nearly overlap with them. The top, middle, and bottom rows are the xy, xz, and yz planes, respectively. The merger sets in at t = 18.48 ms for this model. This figure should be compared with Figs. 3-5 of Ref. [44] where binary neutron stars are studied.
planes are approximately conserved, because the direction of velocity does not change appreciably once hydrodynamic interaction becomes negligible. Note that energy injection by the r -process heating will moderately change the ejecta geometry [101] . Figure 4 also shows that the radial thickness of crescent increases in long-term evolution of the ejecta, because the ejecta head is faster than the rear. Specifically, the head will keep a velocity on the order of the escape velocity of the neutron star, while the rear velocity will approach zero (separation of bound and unbound components) as the material climbs up the gravitational potential well. The radius of central eclipse will become negligible compared to the radial thickness of crescent due exactly to the same reason.
After the disk formation, unbound material is newly generated from the disk region due to shock heating. Figure 5 shows the shock heating-driven disk outflow on the xz, meridional plane. When the tidal tail collides with itself, shock interaction increases ε th near the contact surface. Because the rest-mass density is not high in the relevant region, thermal pressure dominates the cold-part pressure. 9 The heated material expands, and some material is puffed up off the equatorial plane. In addition, shock interaction circularizes incoming tail material, and thus the disk region extends radially. Cold fallback material eventually accumulates and circulates around the outer edge of hot disk material as is visible from the right panel of Fig. 5 at x ≈ 120 km. When the accumulated cold material becomes very massive, shocks develop between the cold and hot material. Shock heating occurs continually at the outer edge of the disk due to this interaction, and material is also puffed up there. Material off the equatorial plane exhibits (seemingly) random motion, and a part of it collides with another part. Finally, some of the material are ejected from the system as hot blobs, and the rest eventually falls back to the disk surface. In contrast to dynamical mass ejection due to tidal torque, this mechanism ejects material mainly toward nonequatorial (vertical) directions. As is evident from the left panel of Fig. 5 , however, the mass of ejecta generated by this heating is much smaller than that by the tidal torque. The situation will change if magnetic fields [102] , neutrino heating [36, 103] , and/or nuclear interaction [104, 105] are taken into account, whereas a significant fraction of the disk material has to be ejected to dominate over dynamical mass ejection.
Variety of ejecta morphology
The ejecta geometry may be characterized by an opening angle in the equatorial plane, ϕ ej , and that in the meridional plane, θ ej , where the latter is defined to refer only to material in z ≥ 0 taking the equatorial symmetry into account. In nearly spherical mass ejection expected for supernova explosions and binary neutron star mergers [44] , ϕ ej and θ ej should be regarded as 2π and π/2, respectively. Before presenting numerical results, it would be instructive to develop estimates of these angles by analytic arguments for later comparisons.
Allowing more than one revolution, the opening angle of dynamical ejecta in the equatorial plane should be given by
where t td is the time scale of tidal disruption and P td is the orbital period at the tidal disruption radius, r td (see Eq. (36)). On one hand, t td may be given approximately by the sound crossing time t sc of the neutron star as
whereρ is the average stellar rest-mass density, which is determined by the equation of state. On the other hand, P td should be given by
where Eq. (36) is used and spin-induced corrections are temporarily neglected. This suggests that the dependence of ϕ ej on the equation of state is weak, becauseρ cancels. This expression also suggests that ϕ ej is smaller for a larger mass ratio, but the expected change is less than 10% between Q = 3 and 7. The prograde blackhole spins will decrease ϕ ej , because the orbital frequency around a Kerr black hole is given by [98] 
and thus P td increases as χ increases. The opening angle of dynamical ejecta in the meridional plane, θ ej , is determined by the ratio of the velocity perpendicular to the orbital plane, v ⊥ , to that in the equatorial direction, v , as
This value should be given by the ratio of the neutronstar radius perpendicular to the orbital plane to the tidal disruption radius, r td (see Eq. (36)). Thus, the dependence of θ ej on the equation of state will be weak again, because both v and v ⊥ should scale linearly with R NS . Dependence on the mass ratio is expected to be θ ej ∝ Q −1/3 inherited from r td , but the expected change is only 25% between Q = 3 and 7. The spin will not modify the value of θ ej . Simulations reveal that the opening angle in the equatorial plane, ϕ ej , is not determined by the time-scale argument above. Figure 6 shows morphology of dynamical ejecta on the equatorial plane for various models. This figure implies that a softer equation of state, a larger mass ratio, and a smaller black-hole spin lead to a larger value of ϕ ej when other parameters are fixed. 10 In particular for the case in which mass ejection is not very substantial, an unbound portion revolves more than one orbit (ϕ ej > 2π) taking a spiral shape at generation, and rearend collisions occur in overlapping directions to form a ring shape. Traces of the rear-end collisions are observed as bumps on boundaries between bound and unbound material (black closed curves) in Fig. 6 . In these cases, the bulk velocity, v ej , is lower than 0.1c and is less than a half of the average velocity, v ave (see Table III ). The reason for this is that the ejecta linear momentum, P ej , is very small for nearly axisymmetric mass ejection.
This catalog suggests that ϕ ej tends to become large when tidal disruption occurs only weakly. A possible explanation of this tendency is the periastron advance in general relativity, which is pronounced when tidal disruption occurs very close to the innermost stable circular orbit [106] . As an extreme example, orbital parameters of a test particle can be finely tuned so that it experiences an arbitrarily large number of revolutions traveling near marginally stable orbits [107, 108] . Although the ejecta material cannot be finely tuned due to its finite spatial extent and ϕ ej will not diverge, the dynamical ejecta should be able to have a large value of ϕ ej if mass ejection takes place near the innermost stable circular orbit. Indeed, tidal disruption should have occurred very close to the innermost stable circular orbit, i.e., r td ≈ r ISCO , when the ejecta mass is small but nonnegligible. This is consistent with the tendency observed in Fig. 6 .
From the observational viewpoint, dynamical ejecta with a large opening angle, ϕ ej 2π, may not be very important, because a large opening angle is achieved by ejecta with a small mass, for which electromagnetic radiation is expected to be weak. Strong electromagnetic radiation should accompany substantial mass ejection, say M ej 0.01M , where ϕ ej takes a value close to π in most cases. However, substantial but nearly axisymmetric dynamical mass ejection such as that for ALF2-Q7a75 is not completely excluded.
The opening angle in the meridional plane does not differ very much among models as far as substantial mass ejection occurs. Figure 7 shows morphology of dynamical ejecta on the meridional plane for various models. This figure shows that the opening angle θ ej is given by 1/5-1/3 (or 10
• ) for cases with M ej 0.01M . The variation of θ ej up to a factor of 2 is observed among models with substantial mass ejection, but the ejecta driven by tidal torque never extends to, say, θ ej > 30
• . At the same time, θ ej is very small when mass ejection is not efficient. Hence, sphericity is never achieved even approximately for cases considered in this study. This figure also suggests that θ ej tends to become small when Q is large. This is consistent with the analytic expectation, whereas it is not conclusive.
C. Characteristic quantities of ejecta
Here, we discuss characteristic quantities of dynamical ejecta such as the mass and velocity focusing on their dependence on binary parameters. As described in the beginning of this section, we measure ejecta quantities at 10 ms after the onset of merger. To check that estimation at that time gives acceptable results, we first investigate time evolution of ejecta quantities in Sec. III C 1. Next, we discuss the dependence in Sec. III C 2. Figure 8 shows time evolution of M ej , T ej , and P ej for selected models. All these values suddenly increase right after the onset of merger. The time evolution indicates that most of dynamical mass ejection proceeds over ≈ 2 ms irrespective of the models.
Time evolution
The ejecta mass settles to a quasistationary value within ∼ 5 ms.
This confirms the observation in Sec. III B 1 that mass ejection due to disk activity does not contribute significantly to the total mass of ejecta in our simulations. Therefore, the measurement of M ej at 10 ms after the onset of merger is safely justified.
The kinetic energy and linear momentum peak at 1-2 ms after the onset of merger and decrease afterward. The reason of this decrease is that the ejecta loses energy as climbing up the gravitational potential well of the central black hole-disk system. The Newtonian formulas indicate that T ej measured at 10 ms after the onset of merger is overestimated by (m 0 M ej /r)/T ej ∼ 30%-40% for models shown in Fig. 8 , and this is consistent with the later evolution. This will result in ∼ 15%-20% overesti- mation of the ejecta velocity, and thus this error has to be kept in mind in the following discussions, along with those described in App. A. If we measure these values at 5 ms after the onset of merger, ejecta velocities can be overestimated nearly by 100%. Hence, a large computational domain is a prerequisite for an accurate study of mass ejection. 
Dependence on binary parameters
We start from looking at the total mass remained outside the apparent horizon, M r>rAH = M bd +M ej , to check consistency with previous works. Figure 9 plots M r>rAH measured at 10 ms after the onset of merger (presented in Table III ) as a function of the compactness, C, and also dimensionless tidal deformability, Λ. The left panel supports the discussion in Sec. III A. That is, a small neutron-star compactness, small mass ratio, and large black-hole spin increase the strength of tidal disruption resulting in the increase of M r>rAH . Our present simulations reproduce quantitatively the results of our previous simulations [29, 52, 53] , as well as those by other authors (see Ref. [109] for a compilation). The dependence of M r>rAH on C is approximately linear within the range studied here, unless it levels off at 0.01M . This suggests that the effect of neutron-star properties on M r>rAH is reasonably captured by the compactness, C. Because a smaller value of C is equivalent to a larger value of Λ ∝ kC −5 (see Table I for the values), the right panel indicates stronger tidal disruption for larger Λ.
The ejecta mass, M ej , is correlated with the strength of tidal disruption as M r>rAH is, but dependence of M ej on binary parameters is complicated. Figure 10 shows M ej as a function of C and Λ. Plots of T ej and P ej exhibit similar behavior. For fixed values of Q and χ, M ej increases as C decreases. This is qualitatively the same as M r>rAH and supports the expectation that strong tidal disruption is accompanied by efficient mass ejection. However, the correlation is weaker between M ej and C than between M r>rAH and C for fixed values of Q and χ. This suggests that the boundary separating bound and unbound material, u t = −1, is not determined solely by the compactness but is also sensitive to the stellar structure. This observation is consistent with Ref. [33] , which found a similar fact by comparing their results with some of our results reported in Ref. [110] . It is reasonable that detailed properties of the equation of state could play an important role during dynamical mass ejection via effects such as the pressure gradient and/or central condensation.
The ejecta mass, M ej , does not depend monotonically on the mass ratio, Q, for fixed values of C and χ (see Fig. 10 ). The reason for this is that the ejecta tends to occupy a large fraction of material remained outside the apparent horizon for a large mass ratio, especially when tidal disruption is weak and M r>rAH is not very large. Figure 11 shows the correlation between the ejecta mass, M ej , and bound mass, M bd . This figure indicates that M ej does not decrease very rapidly with the decrease of M bd (and equivalently M r>rAH ) for a large value of Q. Specifically, M ej ≥ 0.01M can be achieved when M bd 0.01M for Q = 7, while it is possible only when M bd 0.1M for Q = 3. The fact that mass ejection can be substantial even if tidal disruption is not very strong for a large value of Q is encouraging for electromagnetic counterpart searches, because astrophysical black holes are expected to prefer large mass ratios [86, 87] .
The increase of M ej /M bd with the mass ratio, Q, implies that material remained outside the apparent horizon tends to become energetic when Q is large. This speculation is supported by the fact that the average velocity of ejecta, v ave , is larger for a larger mass ratio. Figure  12 shows v ave as a function of C. A typical value of v ave is 0.22-0.25c for Q = 3, and this rises to 0.25-0.28c for Q = 5 and 0.28-0.3c for Q = 7. This can be ascribed to the high energy of material remained outside the apparent horizon for a large value of Q. The effect of the mass ratio on ejecta velocities via gravitational potential is pointed out in the context of tidal disruption of a main sequence star during a nearly parabolic encounter with a supermassive black hole, where a half of the star is expected to become unbound [111] . Although the qualitative trend is the same, dynamical processes should play a crucial role to realize this dependence in the inspiral of black hole-neutron star binaries, because all the neutronstar material is bound to the system at the onset of tidal disruption. Note that the systematic error in v ave associated with the residual gravitational binding described in Sec. III C 1 is not likely to modify this tendency qualitatively, because all the values of v ave are systematically overestimated.
The dependence of the ejecta mass, M ej , on the blackhole spin, χ, is simpler than that on C and Q (see Fig. 10 ). Namely, a large black-hole spin increases the amount of ejecta for fixed values of C and Q. We do not find significant dependence of M ej /M bd on χ. The average velocity, v ave , tends to increases as χ increases.
The ejecta mass, M ej , is correlated with the mass remained outside the apparent horizon, M r>rAH , as indi- cated in Fig. 11 . Quantitatively, we obtain
by fitting all the data shown in Table III with equal weights, where the range indicates the 1-σ asymptotic standard error. If we fit the data of models with different values of Q separately, relations become
.
(43) It is evident that the power-law index is smaller for a larger value of Q, and thus the separate fitting may be more appropriate. These relations give us an approximate estimate of M ej combined with a fitting formula for M r>rAH provided in Ref. [109] . Sources of the error come from both simulations and fitting procedures, and only the latter is taken into account in Eqs. (42) and (43) .
D. Ejecta and envelope structure
First in Sec. III D 1, we investigate matter profiles on the equatorial plane, where most of the material resides in. It includes disk, fallback, and ejecta components. Next, material distribution along the z axis is investigated in Sec. III D 2. It will be important for gammaray bursts, because a hypothetical jet (or fireball) can achieve an ultrarelativistic velocity only if baryon load is not very high [112] . Finally, we investigate the velocity distribution of dynamical ejecta in Sec. III D 3, which is required to predict electromagnetic radiation quantitatively [7, 23] . Detailed structures of material obtained from our simulations are not expected to be very realistic, because the equation of state in a relevant regime is composed of a single zero-temperature polytrope and ideal-gas-like thermal correction. We still believe that our results capture qualitative properties of the material structure, particularly for ejecta in distant regions where hydrodynamic interaction does not play an important role. Figure 13 shows density profiles along the x and y axes at 10 ms after the onset of merger for selected models. Corresponding snapshots are given in Fig. 6 . The material at r 100 km is in an approximately axisymmetric state for all the models. This implies that accretion disks are formed in the central regions at this time. For a given value of M r>rAH , the rest-mass density in the disk region is higher when Q is smaller. The reason for this is that characteristic length scales are proportional to the total mass of the system, and thus to Q + 1. Accordingly, characteristic rest-mass density should be proportional to (Q + 1) −2 for a given value of M r>rAH . This tendency was already reported in Ref. [29] .
Equatorial plane
Density profiles outside the disk region depend significantly on the azimuthal angle. On one hand, the rest-mass density steeply decreases along directions that the ejecta does not sweep. In Fig. 13 , the +y direction of APR4-Q3a75 and −x direction of H4-Q5a75 fall into this category. The +x direction of MS1-Q7a75 also corresponds to this case, but a high-density region is still observed up to ≈ 500 km, because the tidal tail has not fallen back and collided with itself yet in this direction. On the other hand, approximately constant density plateaus extend up to ∼ 1000 km along directions that the ejecta sweeps. For example, the −x and −y directions of APR4-Q3a75 exhibit sudden changes of the structure at ≈ 200 km from steep decline to plateaus. Similar situations are also found in the +x and −y directions of H4-Q5a75 and −x and +y directions of MS1-Q7a75, ex- cept for pronounced low-density regions between disk regions and plateaus. These gaps are more prominent for systems with a larger neutron-star radius at a fixed time (i.e., 10 ms) from the onset of merger and eventually disappear as tidal tails fall back. When material spreads in a nearly axisymmetric manner with ϕ ej 2π, plateau-like profiles are observed in all the directions like ALF2-Q3a0. In any case, the plateaus change to rapidly decaying profiles at outer edges.
The ejecta as an unbound portion is smoothly connected to a bound portion in the plateau regions. When the ejecta mass is large, the ejecta tends to occupy a large fraction of plateau material, particularly along a direction with the fastest expansion. The highest-density direction always disagrees with the fastest-expanding direction, in which the rest-mass density is typically lower by an order of magnitude at a given radius than the highest. For example, the rest-mass density of ejecta is the highest in the −y direction for APR4-Q3a75, whereas the fastest direction is the −x direction. This is because lowdensity material is ejected from the outer part of neutron stars prior to the high-density material from the inner part during mass ejection driven by the tidal torque. The ejecta of ALF2-Q3a0 is more axisymmetric than those of the other models, and a bump at ≈ 650 km in the +y direction reflects the rear-end collision of the tidal tail with ϕ ej > 2π. Note that the spatial distribution of dynamical ejecta is different from that for binary neutron star mergers, where a moderately steep power-law with the index ≈ −3.5 is observed [113] .
The ejecta evolves in an approximately homologous manner. That is, the velocity of each fluid element is kept approximately constant, and its position and density evolve according to the free-expansion law, Figure 14 shows rest-mass density and velocity profiles at 5, 10, and 15 ms after the onset of merger in the −x and −y directions of APR4-Q3a75. In these plots, the radius and rest-mass density are scaled according to Eq. (44) so that those at 5 and 15 ms can be compared directly to those at 10 ms. Both the density and velocity profiles overlap approximately among different time slices after the scaling, and the agreement is particularly well FIG. 14. Rest-mass density in the logarithmic scale (top) and radial velocity (bottom) along the −x and −y directions at 5, 10, and 15 ms after the onset of merger for APR4-Q3a75. Solid and dashed portions of each curve denote unbound and bound material, respectively. Assuming homologous expansion, the radius is multiplied by 2 for the 5 ms profile and divided by 1.5 for the 15 ms profile, so that they can be compared directly with that at 10 ms. Similarly, the density is divided by 2 3 for the 5 ms profile and multiplied by (1.5) 3 for the 15 ms profile. The velocity is not scaled and is truncated at ρ = 10 5 g cm −3 to avoid showing artificial atmospheres accumulated near ejecta surfaces. Truncation of profiles at ≈ 850 km for 15 ms is due to escape of material from the second largest domain, outside which hydrodynamic evolution equations are not solved. between 10 and 15 ms. These facts imply that the homologous expansion is achieved at the late phase. We also observe approximate homologous expansion for other models, whereas the deviation is slightly more severe for a larger value of Q at a fixed time (i.e., 10 ms) due probably to stronger residual gravitational binding. Figure 15 shows rest-mass density and velocity profiles along the z axis for H4-Q3a5. Because our purpose is to study the formation process of an envelope, profiles at several time slices are shown together without scalings. At 5 ms after the onset of merger, no unbound material is found, and the rest-mass density is very low everywhere. This is because tidal torque does not eject material toward the polar region. Material is pushed significantly toward the polar region only after the shock heating in the disk region sets in. This is reflected in the increase of the rest-mass density for t − t merge 10 ms. Unbound material is ejected from the disk with ≈ 0.3c in the beginning and leaves 1000 km at ≈ 35 ms for this particular model. A long-lived envelope is formed following the shockdriven disk outflow. The velocity of envelope material is smaller than the typical ejecta velocity, and in particular, the radial velocity of bound material falls below 0.1c at 55 ms. This suggests that the envelope is in an approximately stationary state at this time. Indeed, the rest-mass density profiles do not change very much from 25 to 55 ms. The profile may be approximated by a power law, ρ ∝ r −penv , with its index p env ≈ 2-3. The magni- tude of rest-mass density implies that the total mass of the envelope formed after the merger of H4-Q3a5 is much smaller than that formed after binary neutron star mergers [44, 113] . This could be advantageous for a hypothetical jet to overcome a baryon loading problem, whereas it will not be easy to obtain a collimated jet in the absence of a heavy envelope. Firm conclusions to the jet propagation, however, require an extensive study of disk winds.
Polar direction
It takes a long time for the remnant of a high mass ratio binary merger to develop a long-lived envelope in the polar region. Figure 16 shows rest-mass density and velocity profiles along the z axis for MS1-Q7a75. In this model, the ejecta generated by the disk leaves 1000 km only for t − t merge 45 ms, and material behind it exhibits significant time variability than that of H4-Q3a5. The velocity profile with 0.1c also indicates significant time variability. It can, however, still be seen that the rest-mass density of the envelope is comparable to that of H4-Q3a5 (Fig. 15) . Thus, we may safely conclude that the mass of the envelope formed after the merger is much smaller for black hole-neutron star binaries than for binary neutron stars unless (or possibly even if) binary parameters are extreme as far as the dynamical processes are concerned. FIG. 17. Velocity distribution normalized by the ejecta mass measured at 10 ms after the onset of merger for selected models. The velocity is defined as 1 − 1/(−ut) 2 . We use dMej/dv rather than its integration over a finite velocity interval, because the former quantity is independent of binning. Figure 17 shows the velocity distribution of dynamical ejecta normalized by the ejecta mass, M ej , measured at 10 ms after the onset of merger for selected models. Namely, integrating these distribution over the velocity returns unity. They are derived by analyzing unbound material on the equatorial plane as described in Sec. II E 1, and we checked that estimation at different time slices gives very similar results.
Velocity distribution
All the models exhibit relatively flat distribution with a cutoff at low and high velocities rather than, say, powerlaw distribution. This agrees semiquantitatively with previous results obtained in Newtonian simulations [35] . This distribution implies that the density structure of ejecta can be approximated by ρ ∝ v −2 ∝ r −2 within the range between lower and higher cutoff velocities, because the free-expansion law, Eq. (44), gives dM/dv ∝ ρv 2 . This observation is largely consistent with the spatial profile shown in Fig. 13 .
The velocity distribution is shifted toward larger velocities when the ejecta mass is larger (see the top panel of Fig. 8 for visual comparisons) . We also find that the distribution tends to be shifted toward larger velocities when the mass ratio, Q, is larger. This is consistent with the observations of M ej /M bd and v ave in Sec. III C 2, where the dynamical ejecta from a high mass ratio binary is seen to be energetic. Previous numerical-relativity simulations also found this tendency [33] .
E. Fallback
The fallback rate as a function of time is found to obey a power law with the index −5/3 irrespective of the models. Figure 18 shows fallback rates determined is also plotted (black dotdashed line) as an eyeguide. Apparent deviation from the power law at t 1 s is ascribed to the limited number of grid data, and the power law is recovered if we computeṀ fb using a wide time interval.
by the method described in Sec. II E 2 analyzing matter profiles at 10 ms after the onset of merger for selected models. Aside from statistical fluctuations due to the limited number of grid data, overall behavior is consistent with the structureless power law,Ṁ fb ∝ t −5/3 , and no significant time evolution is found when we computė M fb at different time slices. This power-law fallback rate is known to be achieved after tidal disruption of main sequence stars by supermassive black holes [114, 115] . The same power law is found for black hole-neutron star binaries in Newtonian simulations [35, 90] and is also reported in a numerical-relativity simulation for a single binary model with the Γ = 2 polytrope [116] . Our results confirm their findings for a wide range of binary parameters in numerical relativity. Nuclear interaction neglected in this study may not be important, because Newtonian studies show that nucleosynthesis in the nuclear statistical equilibrium does not modify the power-law behavior [35, 90] and r -process heating can modify it only on rare occasions [117] .
This power-law behavior implies that the mass spectrum with respect to specific energy takes a constant profile, i.e., dM fb /dẼ = const. Usual reasoning behind the power-law index −5/3 is the combination of dM fb /dP fb = (dM fb /dẼ)(dẼ/dP fb ), Keplerian relation P fb ∝ a 3/2 fb ∝ (−Ẽ) −3/2 , and assumption that dM fb /dẼ is constant. The first and second relations are universal. The third assumption is verified for tidal disruption of main sequence stars by various hydrodynamic simulations (e.g., Ref. [118] ) and is pointed out to be more appropriate for a stiffer polytrope due to stronger shock interaction [119] . Because the neutron-star self gravity cannot be neglected and shocks do not appear to play a significant role in energy redistribution for a neutron star disrupted by a stellar-mass black hole, the reason of constant energy distribution is nontrivial and may be worth future investigation.
Although the overall magnitude of the power law is not computed very accurately by our approximate estimation method, it would be safe to consider that the fallback rates spanṀ fb ∼ 10 −4 -10
when substantial mass ejection occurs. Because the periapsis distance of fallback material is found to agree approximately with the radius at which the neutron star is disrupted, the material will join the accretion disk before reaching the periapsis. Thus, the black-hole accretion rate and electromagnetic luminosity could be smaller than the fallback rate (see Refs. [91, 104] for relevant discussions).
In this analysis, the center of mass is always assumed to be located at the coordinate origin. This is not justified in a rigorous manner, because the remnant black hole-disk system acquires a substantial velocity of O(100) km s −1 by two mechanisms. One is backreaction from the anisotropic mass ejection [47, 49] , and the other is recoil due to the anisotropic gravitational-wave emission [120] . We will describe the former and latter in Sec. III F and Sec. III G, respectively.
F. Remnant disk and black hole
Because remnant disks and black holes are thoroughly investigated in previous works [28] , we describe their properties only briefly. The amount of mass outside the apparent horizon, M r>rAH , is shown in Table III and is discussed in Sec. III C 2. Typical accretion time scales due to purely hydrodynamic processes are estimated to be 30-300 ms when measured at ≈ 10 ms after the onset of merger irrespective of the models. We do not go into details of accretion dynamics expecting that realistic behavior will be determined by unincorporated physics like neutrino processes and magnetohydrodynamics.
One feature of remnant disks overlooked in our previous studies is the existence of standing spiral accretion shocks. Figure 19 shows rest-mass density profiles on the equatorial plane in the central region at different time slices for H4-Q5a75. This figure (see also the right panel of Fig. 1) shows that sharp spirals extending to the apparent horizon stay in approximately the same location over 10 ms without exhibiting any rotation. Similar structures are found for most of the models as far as the remnant disk is appreciable, and we find no cases that this spiral structure disappears by the end of simulations, which is at 50 ms after the onset of merger for the longest runs. The standing spiral shocks appear to be formed as a trace of self-collision of tidal tails rather than as a result of disk instability. This spiral structure should serve to dissipate angular momentum of disk material and enhance mass accretion by the remnant black hole.
The mass and dimensionless spin parameter of the remnant black holes at 10 ms after the onset of merger are TABLE IV. Characteristic physical quantities associated with the remnant black hole measured at 10 ms after the merger and with gravitational waves for our fiducial, N = 60 runs. M BH,f and χ f are the mass and dimensionless spin parameter, respectively, of the remnant black hole. Vej and VGW are the magnitude of velocities imparted to the remnant black hole-disk system due to ejecta backreaction and gravitational-wave recoil, respectively. ∆EGW and ∆JGW are the energy and angular momentum, respectively, radiated by gravitational waves.
Model listed in Table IV . They are consistent with our previous results for models with comparable binary parameters [29, 52, 53] . After the measurement, the dimensionless spin parameters increase by up to ≈ 0.01 due to longterm accretion depending on the models. Thus, the values of χ f shown in Table IV may be regarded as the lower limits of hypothetical final configurations which will be achieved by purely hydrodynamic processes.
The remnant black hole-disk system including fallback material receives a recoil velocity due to backreaction of anisotropic mass ejection [47, 49] , which we call the ejecta kick velocity. The ejecta kick velocity, V ej , is estimated by the linear-momentum conservation as
where M NS = 1.35M is assumed. For simplicity, the mass of remnant black hole-disk system is approximated by m 0 in this expression neglecting energy loss to ejecta and to gravitational waves. The former is 0.02m 0 and the latter is 0.03m 0 for the cases considered here, where the energy radiated during the very early inspiral phase existed before our initial condition, m 0 − M 0 , is also taken into account. Because the ejecta mass is large only when tidal disruption occurs at a distant orbit and gravitational radiation is not very strong, the sum of both does not exceed 0.03m 0 .
Values of the ejecta kick velocity for each model are presented in Table IV . This table shows that V ej can be several hundreds of km s −1 when mass ejection is efficient and easily dominate kick velocities due to the gravitational radiation reaction, V GW , which we discuss in Sec. III G.
G. Gravitational waves
Gravitational waves from black hole-neutron star binaries are thoroughly investigated in our previous works [29, 52, 53] , and derived waveforms are used to construct phenomenological models aiming at data analysis [121] [122] [123] . In the following, we avoid repeating them and instead discuss integrated or instantaneous properties of gravitational waves.
The energy, linear momentum, and angular momentum carried away by gravitational waves are presented in Table IV . While the energy ∆E GW and the angular momentum ∆J GW are presented as they are, the magnitude of linear momentum ∆P GW is shown instead as the velocity imparted to the remnant black hole-disk system including fallback material,
where we adopt m 0 as in Eq. (45). We call V GW the gravitational-wave kick velocity. Although the accuracy is not very high due to mode couplings for computing ∆P GW , we do not find V GW larger than 100 km s −1 for the models considered in this study. Broadly speaking, the ejecta kick velocity, V ej , dominates the gravitationalwave kick velocity, V GW , when M ej 0.01M .
The ejecta kick velocity and gravitational-wave kick velocity partially cancel out each other, because their angles Φ ej and Φ GW point in approximately opposite directions. Figure 20 shows the difference between them, Φ ej − Φ GW , versus M ej . The differences cluster around π irrespective of the model parameters, and this means 
FIG. 20. Difference between the angle of ejecta linear momentum, Φej, and of gravitational-wave linear momentum, ΦGW, versus the ejecta mass, Mej. We restrict the range to Mej ≥ 0.001M .
that ejecta and gravitational waves carry linear momenta in opposite directions. This tendency does not depend on grid resolutions. While the origin of anticorrelation is nontrivial, it is reasonable that Φ ej − Φ GW prefers a specific value, because both dynamical mass ejection and linear-momentum emission are determined primarily by merger dynamics including tidal disruption. The largest velocity in the coalescence event is achieved by the plunge motion of material promptly swallowed by the black hole after tidal disruption, and the plunge should emit the linear momentum efficiently in its direction due to the large velocity (see Refs. [124, 125] for relevant discussions). A possible explanation of the anticorrelation between Φ ej and Φ GW is that the linear momentum is emitted primarily in the direction of the plunge motion right after tidal disruption, which should be opposite to the ejecta motion. This anticorrelation implies that the realistic value of the remnant velocity is given approximately by
Emission of the energy and angular momentum is efficient when the compactness is large and/or the spin parameter is large for a given mass ratio. This fact was already confirmed by previous works [28] . We exceptionally find that ∆J GW is slightly larger for ALF2-Q7a5 than for APR4-Q7a5, but they are consistent within numerical errors. The reason why the values are too close is that neutron stars are not disrupted significantly for these two cases, and the results should be essentially the same. Finally, we comment on possible existence of a tight correlation between the strength of tidal effects and gravitational-wave frequency at the maximum amplitude, which is suggested to exist for binary neutron stars [126, 127] . Figure 21 shows dimensionless gravitationalwave frequency of the (2, 2) mode at the maximum amplitude, m 0 Ω 22,peak , as a function of a tidal coupling con- stant,
adapted to black hole-neutron star binaries [128] (see also Ref. [129] ). This figure suggests the existence of relations independent of the mass ratio and equation of state. If the correlations are tight, it implies that the finite-size effect in the black hole-neutron star binary merger is described fairly well by the quadrupolar tidal deformability up to tidal disruption. These relations depend on the black-hole spin, and our results suggest that m 0 Ω 22,peak is smaller for a larger black-hole spin. This agrees with Ref. [127] . The same value of χ may not be compared directly among different mass ratios except for nonspinning cases, and effective spin parameters weighted by the mass ratio such as χ[1 + 3/(4Q)]Q 2 /(1 + Q) 2 (see, e.g., Refs. [130, 131] ) will be more appropriate. If such correlations are confirmed accurately by future simulations, it would help to extract neutron-star equations of state without detailed analysis of the phase evolution like the cutoff frequency would do [29, [50] [51] [52] [53] 132] .
Because the gravitational-wave amplitude peaks during rapid increase of the frequency, the error of m 0 Ω 22,peak is not very small. Typical errors are estimated to be ≈ 5% due to eccentricities, 12 ≈ 10% due to the finite resolution, and ≈ 5% due to the gravitationalwave extraction method like extraction radii (even with the extrapolation). Hence, the total error may be ≈ 20% in the worst case.
A relation satisfied by nonspinning black hole-neutron star binaries (if really exists) is not necessarily the same as that by binary neutron stars, because the merger dynamics is very different. We include a fitting curve derived from binary neutron star simulations [126] in Fig. 21 . We cannot determine whether the relations are different or not from the current data by two reasons. One is the numerical error associated with each simulation. The other is the fact that tidal coupling constants, κ, spanned by binary neutron star simulations are much larger than those by black hole-neutron star binary simulations, and thus the extrapolated relations cannot be seriously trusted. Specifically, the relation derived in Ref. [126] is obtained by fitting results of simulations with 26 ≤ κ ≤ 440, none of which overlaps with that in our current simulations. It may be worth future investigation to test whether relations are distinct between binary neutron stars and nonspinning black hole-neutron star binaries.
IV. ELECTROMAGNETIC COUNTERPART
In this section, we discuss expected characteristics of electromagnetic counterparts based on the properties of dynamical ejecta derived by our simulations. We focus primarily on the effect of anisotropy, which is characterized by the opening angle in the equatorial plane, ϕ ej , and in the meridional plane, θ ej , on the macronova/kilonova [20] [21] [22] [23] and synchrotron radio emission [24, 25] . A concise summary of main results derived in this section is found in Ref. [49] , in which other aspects of ejecta like gravitational-wave memory emission and cosmic-ray acceleration are also discussed.
For simplicity, we adopt slightly different notations for ejecta quantities in this section from those in other sections. Specifically, we denote the ejecta mass by M instead of M ej . The opening angles are denoted by θ and ϕ instead of θ ej and ϕ ej , respectively. Recall that θ(= θ ej ) is defined as the half-opening angle taking the equatorial symmetry into account, and a full sphere corresponds to θ = π/2 and ϕ = 2π. We also adopt short-hand notations M −2 ≡ M/(0.01M ), θ i ≡ θ/(1/5), and ϕ i ≡ ϕ/π. We recover the speed of light, c, everywhere.
A. Macronova/kilonova
The macronova/kilonova is quasithermal radiation from ejecta heated by decay of unstable r -process elements. The dynamical ejecta from mergers of black holeneutron star binaries will be composed primarily of neutrons as discussed in Sec. III B 1, and then r -process elements should be synthesized [26, 27] . After the neutrons are exhausted within a few seconds, β-decay and fission of unstable r -process elements heat the ejecta. 13 The heated ejecta emit radiation primarily in red-optical and infrared bands on a day-to-month time scale [133] , where a bunch of Doppler-broadened lines associated with the complicated energy-level structure of r -process elements blanket the emission in blue-optical and ultraviolet bands [134, 135] .
Analytic model
Qualitative features of the macronova/kilonova from anisotropic ejecta can be understood by modifying the prototypical model for spherical ejecta proposed in Ref. [20] . In this section, we introduce short-hand notations V −1 ≡ V /(0.1c) for the surface velocity, κ 1 ≡ κ/(10 g −1 cm 2 ) for the opacity, and f −6 ≡ f /10 −6 for the heating efficiency. The precise meaning of these quantities are explained in the following.
We approximate hydrodynamic evolution of ejecta by the free expansion of a uniform-density truncated sphere characterized by the opening angles θ and ϕ. The radius of the (truncated) sphere is given by R(t) = V t using the surface velocity V , and thus the rest-mass density of ejecta is
In this uniform-density free-expansion model, the surface velocity is related to the average velocity of ejecta defined by Eq. (20) via V = 5/3v ave ≈ 1.3v ave . Because the ejecta material is expected to be radiation-dominated in the relevant epoch due to r -process heating, the internal energy density u is related to the pressure P and temperature T by u = 3P = aT 4 , where a is the radiation constant. The time evolution of the internal energy density is derived by the first law of thermodynamics as
whereε is the specific heating rate and L is the luminosity. Time-dependent quantities are u,ε, and L. We assume that the specific heating rate is given by a power lawε(t) = f c 2 /t parametrized by heating efficiency f in the same manner as the spherical model [20] . An appropriate value of heating efficiency, f , will depend significantly on the electron fraction (the number of electrons per baryon) [100, 101] . The uncertainty is particularly high when fission is an important heating source rather than β-decay of elements near the stability 13 Some of the energy liberated in the β-decay does not contribute to the heating because of the energy deposited to neutrinos and γ-ray photons [22] . The latter does not escape freely in the early stage of ejecta evolution and contribute to the ejecta heatup.
line [100] . In this study, we take the fiducial value of f to be 10 −6 following Ref. [100] .
We give the luminosity by a diffusion approximation in a similar manner to the spherical model [20] but assuming geometry adapted to anisotropic mass ejection. The assumption is that the radiation is emitted not from the truncated spherical surface but from the cross section of truncation. In the language of our simulations, photons from the anisotropic ejecta are assumed to escape mainly into the ±z directions, and the emitting surfaces are taken to be those observed from the ±z direction like ones depicted in Fig. 6 . The temperature gradient dT /dr relevant to the diffusion flux is approximated by ≈ T /(θR) rather than ≈ T /R of spherical ejecta under this assumption. Thus, the flux may be given by
where κ is the opacity and σ SB is the Stefan-Boltzmann constant. In this estimation, a factor of order unity is neglected in exactly the same manner as in Ref. [20] . The emitting area is then given approximately by 2×ϕR 2 /2 = ϕR 2 , where the first "2" stands for two emitting surfaces at +z and −z, and therefore the bolometric luminosity may be given by
This expression does not reduce to that for spherical ejecta even if we adopt θ = π/2 and ϕ = 2π because of different assumptions. The neglected truncated spherical surface has the area (4/π)θϕR 2 , and thus the luminosity may be underestimated by a fraction of (4/π)θ ≈ 30%. Although this term can be included with no difficulty, we omit this contribution so that the parameter dependence becomes clear.
The value of opacity, κ, is highly uncertain due to our incomplete knowledge of r -process elements and their line features [134, 135] . Although the realistic opacity of r -process elements is safely assumed to be dominated by various bound-bound transition lines in optical and ultraviolet wavelengths, no complete line list exists so far. In this study, we take the fiducial value of κ to be 10 g −1 cm 2 , because this approximately reproduces results obtained by radiation transfer simulations performed adopting currently available line lists [135] . The gray approximation adopted in this model is not realistic and limits the predictability of spectra.
The thermodynamic evolution equation can be solved analytically. For this purpose, it is convenient to cast the equation into a dimensionless form. First, we normalize the surface velocity by the speed of light as β s ≡ V /c in the usual manner. Next, we define a characteristic time scale by the condition that the optical depth of a characteristic path becomes unity, κρθR = 1, and this gives a critical time of the onset of transparency,
Finally, a characteristic internal energy density can be defined by
Introducing dimensionless variablest = t/t c andũ = u/u c , we obtain the dimensionless evolution equation,
which has an analytic solutioñ 
Because the initial internal energy of ejecta is rapidly lost due to the adiabatic cooling, 14 we may safely set the integration constant, C, to be zero. The key issue which allows us to derive this analytic solution for nonspherical ejecta is that the temporal dependence of each term (adiabatic cooling, radiative cooling, and heating) is not affected by the geometry in our model.
The peak time, peak bolometric luminosity, and effective temperature at the peak time can be estimated using this solution. Note that Dawson's integral takes the maximum value y p ≈ 0.54 at x p ≈ 0.92. The peak time is
The peak bolometric luminosity is
14 Further energy injection could modify the thermodynamic evolution via differentε(t) [23] .
The effective temperature is defined from the diffusion flux, Eq. (50), by T eff ≡ (F/σ SB ) 1/4 , and its value at the peak time is
These expressions share the same parameter dependence as those derived in Ref. [49] by random-walk arguments. This indicates that the parameter dependence is robust as far as similar assumptions are adopted. In the range of opening angles observed in our numerical simulations, the macronova/kilonova from black hole-neutron star binaries tends to peak slightly earlier with slightly higher bolometric luminosity than that from the spherical ejecta for given values of other parameters. This tendency is also observed in radiation transfer simulations [133] . When the opening angle in the meridional plane, θ, is small, the peak time becomes early and the peak bolometric luminosity increases. The reason for this is that photons can escape easily from the ejecta when θ is small. Specifically, the optical depth κρθR at t peak is proportional to θ −1 and independent of ϕ. When the opening angle in the equatorial plane, ϕ, is small, the peak time becomes late and the peak bolometric luminosity decreases. The reason is that a small value of ϕ increases the rest-mass density, optical depth, and characteristic time scales. The dependence of luminosity may be understood by the constancy of L peak t peak for both cases. The combined effects of these two angles tend to prefer the slightly earlier peak with slightly brighter emission. When the ejecta becomes transparent, the bolometric luminosity does not depend on the geometry, because we simply have L =εM even within this model derived with the diffusion approximation.
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At a given time, the material temperature T and effective temperature T eff are higher for the anisotropic ejecta than for the spherical one due to different geometry. In typical situations, the material temperature, T , is higher by about a factor of two, and this agrees approximately with the result of Ref. [133] . The reason of the high temperature is that the decay heat of unstable r -process elements is deposited to a small volume for a given mass and velocity of ejecta. Accordingly, the effective temperature, T eff , is higher by ≈ 30%-50%. Even this amount of difference could have a significant effect on the observed flux (not to be confused with the diffusion flux, Eq. (50), which is trivially related to T eff ) in optical and near-infrared bands, because the typical value of T peak is in the infrared band. Thus, a small increase of T eff could enhance the flux at optical and near-infrared bands. In fact, we see that absolute/apparent magnitudes increase by 1-2 in these bands if we assume a perfect blackbody spectrum. We do not, however, regard this amount of increase as very quantitative, because realistic spectra will be very different from the blackbody. The high temperature could also affect possible dust formation [136] .
The dependence of the peak quantities on f , κ, M , and V is the same as that of the spherical model [20] . A large value of f increases the luminosity, a large value of κ delays the peak and decreases the luminosity, a large value of M delays the peak and increases the luminosity, and a large value of V hastens the peak and increases the luminosity. Among these parameters, the ejecta mass can become much larger for black hole-neutron star binaries than for binary neutron stars [44] , and higher luminosity could be achieved [110] . In fact, this difference may dominate corrections due to the opening angles. Typical velocities of ejecta cannot be very different. Heating efficiency and opacity could change reflecting different compositions of ejecta, but we do not discuss them in this study.
Directional dependence, line, and polarization
We briefly discuss possible aspects of the macronova/kilonova from anisotropic ejecta that cannot be captured in the analytic model developed above. An obvious outcome of the anisotropy is the directional dependence (see Refs. [137, 138] for binary neutron stars). Emission should be brighter when observed from the direction perpendicular to the equatorial plane than in the equatorial plane. Specifically, the flux will be larger by 1/θ ≈ 3-5 near t peak for the former situation. Accordingly, the light curves will exhibit different evolution near t peak and become indistinguishable after the entire ejecta becomes transparent. These behavior are observed in radiation transfer simulations [133] . Follow-up observations of electromagnetic counterparts will benefit from this directional dependence, because gravitational waves are emitted most strongly in the direction perpendicular to the equatorial plane, in which the macronova/kilonova will be the brightest. That is, observed binaries will be biased toward the brightest direction of the macronova/kilonova.
A chance to observe spectral lines associated with rprocess elements will be better for black hole-neutron star binaries than for binary neutron stars. In any case, it will be very challenging to observe such lines from the macronova/kilonova, because a bunch of lines are expected to be significantly blended due to Doppler broadening in the ejecta with a large surface velocity. This broadening may be mitigated in the direction perpendicular to the equatorial plane, because the expansion velocity is smaller by a factor of θ than in other directions and spherical cases. Furthermore, the emission is expected to be the brightest in this direction. Thus, the macronova/kilonova associated with black hole-neutron star binaries would deserve detailed spectroscopic observations to seek a (serendipitous) strong and isolated line (see also Ref. [134] for relevant discussions).
Potential diagnostics of the anisotropic geometry is polarization induced by electron scattering, but the polarization degree is not likely to be high for the macronova/kilonova. If the optical depth to electron scattering is sufficiently high and lines do not contribute to depolarization significantly, the linear polarization observed from the equatorial plane would be 4%-5% because of the highly deformed photosphere [139] . However, the number density of free electrons will be much smaller in the ejecta composed of r -process elements than in material with, e.g., the solar composition for a given rest-mass density. While the r -process elements have the mass number 100, the ionization degree will not be particularly high around the peak of macronova/kilonova [134, 135] . Hence, the opacity for electron scattering will be lower by about three orders of magnitude than that for bound-bound transitions if κ = 10 g −1 cm 2 is an appropriate representative. The optical depth to electron scattering will be only O(10 −2 ) near t peak when the total optical depth is at most O (10), and therefore the polarization degree may be reduced by a similar factor. In addition, interaction with lines will further depolarize the radiation [140] .
B. synchrotron radio emission
Nonthermal radiation such as synchrotron emission is expected to arise from blast waves formed between the ejecta and ambient interstellar medium in a similar manner to the supernova remnant and gamma-ray burst afterglow [24, 25] . Subrelativistic blast waves will develop as the ejecta sweeps the interstellar medium, and the kinetic energy of ejecta is converted to postshock internal energy. A fraction of the internal energy at the forward shock will be converted to energy of nonthermal electrons assembled from the interstellar medium and of amplified magnetic fields. The accelerated electrons will radiate synchrotron emission in a magnetized environment, and the emission would be observed in radio bands [7, 24] and possibly in optical, x-ray, and γ-ray bands [25] .
radiation at the deceleration time
The most luminous emission is expected when the ejecta begins to be decelerated significantly, and the deceleration time t dec depends on the ejecta geometry for a given mass and velocity of ejecta. We describe the synchrotron radio emission expected at t dec adopting a simplified version of the nonrelativistic model developed in Ref. [25] (see also Ref. [141] ). We do not, however, attempt to model the time evolution in this study, because the lateral expansion should become important after the deceleration time for the anisotropic ejecta. While the late-time evolution of the spherical ejecta will be described reasonably by Sedov-Taylor's self-similar solution as in Ref. [7] , it is difficult to formulate the lateral expansion of the anisotropic ejecta in a simple manner. We introduce short-hand notations v −1 ≡ v/(0.1c) for the ejecta velocity, n 0 ≡ n/(1 cm −1 ) for the ambient number density, e,−1 ≡ e /0.1 for the fraction of postshock internal energy given to nonthermal electrons, B,−1 ≡ B /0.1 for the fraction of postshock internal energy given to magnetic fields, and D 2 ≡ D/(100 Mpc) for the distance from the observer to the site of binary coalescence. We also introduce the fraction η of accelerated electrons and power-law index p of the Lorentz factor distribution.
The ejecta is decelerated significantly when the mass comparable to its own is assembled from the interstellar medium. The deceleration radius of the anisotropic ejecta is given by
where m p is the proton mass and n is the number density of ambient medium. Modeling the ejecta by a singlevelocity shell with v, the corresponding deceleration time is
Here, the ejecta velocity, v, may be identified with the average velocity of ejecta, v ave , defined by Eq. (20) . The value of the ambient density, n, should vary by orders of magnitude depending on the location of the binary coalescence, and we normalize it by the typical value of the Galactic disk, 1 cm −3 , following previous works [7, 24, 25] . These expressions reduce to values for the spherical ejecta when we set θ = π/2 and ϕ = 2π.
If the typical opening angles observed in numerical simulations are kept until the deceleration time, R dec and t dec are larger by a factor of 2-3 than those for the spherical ejecta for given values of the other parameters. The reason for this is that only a limited fraction of the volume inside R dec is swept by the anisotropic ejecta. Whereas the ejecta will approach a spherical state to some extent before t dec [101] , the synchrotron radio emission from black hole-neutron star binaries will be a longlasting event than that for binary neutron stars.
The geometry does not modify the Lorentz factor distribution of nonthermal electrons and magnetic fields. The number of assembled electrons at t dec is given by
Assuming that a fraction η ≤ 1 of these electrons are accelerated to power-law distribution of the Lorentz factor γ e with the index p > 2 as
the minimum Lorentz factor may be derived from the number and energy of accelerated electrons as
where m e is the electron mass, e is the fraction of postshock internal energy given to the accelerated nonthermal electrons, and g(p) ≡ (p − 2)/(p − 1). Care must be taken in applying this equation to subrelativistic blast waves, because γ m can fall below unity and become unphysical, particularly when the ejecta is significantly decelerated (not considered here). The strength of magnetic fields is given by
where B is the fraction of postshock internal energy converted to magnetic fields. Parameters characterizing microphysics, p, η , e , and B , are all uncertain. Following Ref. [7] , we normalize e and B by 0.1 and take the fiducial value of p to be 2.5, which gives g(p) = 1/3. Typical values of p observed in nonrelativistic blast waves may be 2.5-3 [142] . The fiducial value of η is set to be unity. Detailed spectroscopic observations of nonthermal radiation could determine these parameters in principle [25] .
Quantities characterizing the instantaneous spectrum are estimated as follows. The synchrotron frequency of an electron with γ e is defined by ν e (γ e ) ≡ qBγ 2 e /(2πm e c), where q is the elementary charge, and the power of the electron is by P e (γ e ) ≡ σ T cB 2 γ 2 e /(6π), where σ T is the Thomson cross section. The specific flux from a single electron at its peak frequency, ν e , is estimated to be P ν ≈ P e /ν e = σ T m e c 2 B/(3q) independently from the electron Lorentz factor. The characteristic frequency of the electron distribution corresponding to γ m is given by
An unabsorbed specific flux, i.e., a hypothetical specific flux in the absence of self-absorption, at ν m is estimated to be
where D is the distance from the observer to the site of binary coalescence. If we neglect synchrotron selfabsorption and cooling, the specific flux is given by F ν,m (ν/ν m ) 1/3 below ν m and F ν,m (ν/ν m ) −(p−1)/2 above ν m . We show below that the self-absorption could suppress the radio spectrum, while the cooling is not important in the radio band. The self-absorption frequency ν a may be obtained approximately by comparing the hypothetical unabsorbed flux with the blackbody flux in the Rayleigh regime [141] . The blackbody flux at ν m is given by
where A em is the blackbody emitting area. While this should be 4πR 2 dec for the spherical ejecta, we take A em = ϕR 2 dec ∝ θ 2/3 ϕ −1/3 for the anisotropic ejecta in a similar manner to Sec. IV A 1. It is readily found that ν m < ν a when F ν,BB < F ν,m , and vice versa. The case that ν m < ν a is typical for subrelativistic blast waves, and the selfabsorption frequency is defined as the frequency at which the synchrotron and blackbody fluxes equal. Specifically, we obtain
where the prefactor is given for p = 2.5 and varies by a factor of two within 2.1 < p < 3. 16 The dependence on the opening angles is inherited from the emitting area, A em , and ν a is smaller by a few tens % for the anisotropic ejecta than for the spherical one. The self-absorption frequency can increase to ∼ 1 GHz in a plausible parameter range, and thus the self-absorption could be important at low-frequency radio bands for such cases. When ν a < ν m , we instead obtain ν a = (F ν,m /F ν,BB ) 3/5 ν m . The cooling Lorentz factor γ c at the deceleration time, above which the radiative energy loss plays a significant role, is estimated by the condition γ c m e c 2 = P (γ c )t dec , and we obtain
The corresponding cooling frequency is given by i . (71) Although the cooling frequency decreases by a factor of several for the anisotropic ejecta due to the long deceleration time, this could affect the radio spectrum at high frequency only in a limited parameter range. 16 More precisely, the prefactor (6.0 × 10 11 ) 2/(4+p) × 1.5 × 10 4 Hz g(p) 2(p−1)/(4+p) is applicable to all the values of p > 2.
Finally, the instantaneous spectrum for ν m < ν a < ν c is given by
(72) The third segment is most relevant to radio observations, and it would be useful to reexpress the spectrum in this range as
where the prefactor is for p = 2.5 and decreases by a factor of 40 as p increases from 2.1 to 3. 17 This expression indicates that the emission associated with the massive ejecta from black hole-neutron star binaries will be bright.
proper motion
Aside from the expansion, the anisotropic ejecta from black hole-neutron star binaries exhibits center-of-mass motion, and thus the proper motion of radio images could be observed [49] . The characteristic distance of the center-of-mass motion may be given approximately by R com = v ej t dec = R dec (v ej /v ave ). The projected distance on the celestial sphere should be smaller by a factor of ≈ 2 due to the angular average, whereas the observational bias due to the directional dependence of gravitational radiation should mitigate this decrease. The expected amount of projected travel distances is O(1) pc (see Eq. (60)), and we expect the radio image of the anisotropic ejecta to move O(1) mas during its bright emission for a event at O(100) Mpc. This amount of proper motion could be resolved by current radio instruments depending on the parameters and observed frequency [143] and could help to distinguish black holeneutron star binaries from binary neutron stars only by electromagnetic counterparts.
V. SUMMARY
We performed numerical-relativity simulations of black hole-neutron star binary mergers to study dynamical mass ejection. The mass ratio, black-hole spin, and neutron-star equation of state were systematically varied to reveal the dependence of ejecta properties on these parameters. We found that dynamical mass ejection is driven primarily by tidal torque exerted from black holes to elongated neutron stars, and this process proceeds over ≈ 2 ms after the onset of merger. The dynamical ejecta is concentrated around the equatorial plane with a half opening angle of 10
• and sweeps about a half of the plane, except for cases that mass ejection is inefficient. Because of this anisotropy, the ejecta carries a bulk linear momentum, and thus the remnant black hole-disk system receives a ejecta kick velocity due to the backreaction.
The ejecta mass can be as large as ∼ 0.1M , and the average velocity of ejecta defined from the kinetic energy is typically 0.2-0.3c. Dynamical mass ejection tends to become efficient when the neutron-star compactness is small, the mass ratio is small, and/or the black-hole spin is large. The dependence of ejecta properties on the compactness, however, is not as simple as that of the total mass remained outside the apparent horizon. This suggests that not only the compactness but also detailed properties of the equation of state influence ejecta properties significantly. Furthermore, the dependence on the mass ratio is not always monotonic. The ratio of the ejecta mass to the bound mass is large when the mass ratio is large, and the average velocity of ejecta is also large for such cases. These suggest that the dynamical ejecta from higher mass ratio binaries is more energetic.
We also found that bound envelope along the polar axis of the central remnant is not as heavy as that for binary neutron star mergers as far as the dynamical processes are concerned. This would be advantageous for a hypothetical gamma-ray burst jet to overcome the baryon loading problem, while how to collimate it is uncertain in the absence of a heavy envelope. Fallback rates of bound material obey the canonical −5/3 power law. The remnant disk exhibits a standing spiral shock structure, which enhances mass accretion.
Because the gravitational-wave kick velocity imparted to the remnant does not exceed 100 km s −1 for our models, the ejecta kick velocity dominates motion of the remnant. We found that ejecta and gravitational waves usually carry the linear momentum in the opposite direction, and thus these two kick velocities would partially cancel out. Tight correlations between the gravitational-wave frequency at the maximum amplitude and tidal coupling constant was suggested to exist in a similar manner to that found for binary neutron stars. The relations for black hole-neutron star binaries depend on the black-hole spin.
Properties of electromagnetic counterparts were discussed based on the results of numerical simulations focusing on the effect of ejecta anisotropy. An analytic model of the macronova/kilonova shows that both the material and effective temperatures become high for anisotropic ejecta from black hole-neutron star binaries. We also found that the peak time is slightly early and the peak bolometric luminosity is slightly high for the typical ejecta opening angles. The synchrotron radio emission is long-lasting for the anisotropic ejecta, and the proper motion of the radio images could also be observed. The most significant difference from electromagnetic counterparts associated with binary neutron stars would come from different ejecta masses for both emission models. Ejecta are only a fraction of material remained outside the horizon, which itself is only a fraction of a neutron star. Therefore, quantities associated with ejecta could entail large fractional errors. Furthermore, our numerical simulations have various parameters both physical and unphysical. In this appendix, we estimate errors and uncertainties in our computations. We also discuss seemingly spurious high-velocity ejecta found in Sec. III B 1.
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Convergence with respect to the grid resolution
Finite grid resolutions are obvious sources of errors. First of all, we demonstrate that reasonable convergence behavior is observed in our numerical simulations. Figure 22 shows the merger time, t merge , as a function of grid resolutions represented by N (see Sec. II C for the definition) for selected models. The exact convergence order estimated from numerical data varies among models and typically lies between 2 and 3. Taking the different accuracy for different parts of our code SACRA [48] into account, the observed behavior is reasonable.
Table V compares characteristic quantities among different grid resolutions for selected models. It is evident that these quantities are not always monotonic with respect to the grid resolution. Such behavior is frequently seen in hydrodynamic quantities, which severely suffer low convergence order when shock waves exist. Relative errors are smaller for M r>rAH than for M ej , and this suggests that accurate determination of boundaries separating bound and unbound material is an important but Merger time normalized by the total mass, tmerge/m0, versus grid resolutions for selected models. We assume a hypothetical convergence order 2.5 for all the models. Actual numerical data for APR4-Q3a75, MS1-Q5a75, and H4-Q7a75 show convergence order 2.2, 2.9, and 3.1, respectively.
difficult task. If we assume the first-order convergence between N = 60 and 48 results, the worst-case error with N = 60 results are ≈ 30%, 40%, and 100% for M r>rAH , M bd , and M ej , respectively. The accuracy of M ej is especially low when the ejecta mass is as small as M ej 0.01M , and the error decreases to 20% for more massive ejecta. It is reasonable that the relative error is large for small mass ejecta, where the absolute error is always estimated to be ≈ 0.005-0.01M for M ej .
Effect of an artificial atmosphere
An artificial atmosphere affects ejecta properties. Some portion of the atmosphere happen to satisfy the unbound criterion, u t < −1, as a result of hydrodynamic interaction, and this error spuriously increases the amount of ejecta. At the same time, the atmosphere brakes physical material ejected from neutron stars, and this error spuriously decreases the amount of ejecta. Low atmospheric density will mitigate both these errors. Another source of error is a steep density gradient at the neutron star surface, which induces spurious shock heating in numerical simulations and helps material to become unbound. Although this error will be suppressed as grid resolutions are improved to resolve the stellar surface accurately, lowering the atmospheric density at a fixed resolution does not always suppress it, because the shock could become strong.
Table VI compares characteristic quantities obtained with different values of f at . We find that ejecta quantities like M ej , T ej , and P ej increase by ≈ 0.5% for N = 60 when the atmospheric density is decreased by an order of magnitude, while the corresponding change (either increase or decrease) is ≈ 1%-2% for N = 40. Although the dominant mechanism responsible for the error is not certain, this suggests that the error associated with the artificial atmosphere will decrease significantly as grid resolutions are improved probably due to suppression of spurious shocks at the stellar surface. We also find a similar amount of variations when we change the value of atmospheric power-law index n at from 3 to 2.
Effect of thermal correction Γ th
Dynamical mass ejection is expected to be governed basically by zero-temperature equations of state, be- . This fact suggests that the effect of Γ th is not very physical, and the difference is ascribed to numerical errors such as spurious shock heating. We checked that the differences develop during dynamical mass ejection which proceeds over ≈ 2 ms after the onset of merger, and latetime physical shock heating in the disk region does not introduce significant differences. The difference of results among different values of Γ th is as large as ≈ 20% when M ej 0.01M and tends to become small when mass ejection is efficient. We regard the difference observed in Table VII as an estimate of systematic uncertainty, which could converge as grid resolutions are improved.
Effect of different initial separations as a substitute for the eccentricity
Ejecta properties computed in our simulations deviate from those of hypothetical genuinely circular mergers due to unphysical eccentricities inherent in initial data. Specifically, different orbital and approaching velocities at tidal disruption lead to deviations of characteristic quantities on the order of the eccentricity. Although this error can be eliminated by iterative eccentricity reduction [92, 144] , it is demanding to reduce the eccentricities for all the models considered in this study.
To estimate systematic errors associated with unphysical eccentricities, we instead compare results obtained by models with different values of m 0 Ω 0 with e ∼ 0.01-0.02 for APR4-Q3a75. These models should merge at different true anomaly (angle measured from the periapsis), admitting that it is very difficult to quantify this statement in numerical simulations. Therefore, the results will give us an idea of errors associated with eccentricities. As shown in Table VIII , ejecta quantities like M ej , T ej , and P ej fluctuate within ±2.5% as expected from the value of the eccentricity. Because the increase/decrease of a single ejecta quantity is accompanied by that of the others, derived quantities like v ave and v ej are relatively robust with respect to the unphysical eccentricity.
Comment on seemingly spurious high-velocity ejecta
In Sec. III B 1, a small amount of unbound material is found to be ejected with a large velocity. We regard this component as an artifact, because the amount of high-velocity ejecta does not converge even approximately with respect to grid resolutions, admitting that ejecta cannot be decomposed unambiguously into physical and unphysical components unless reliable extrapolation to the continuum limit is performed. We speculate that this high-velocity ejecta is created by the artificial atmosphere and finite grid resolutions. They induce unphysical shocks at the stellar surface during the inspiral phase, and tenuous material continuously flows out from the inner edge of the neutron star. This artificial outflow is accumulated around the black hole and forms a small unphysical disk during the inspiral phase, whereas some of this disk may be supplied by the neutron star in a physical manner after the onset of mass shedding. A fraction of this unphysical disk is ejected impulsively during the merger (due possibly to tidal torque exerted by the neutron star) with a large velocity reflecting the large escape velocity of black holes, i.e., the speed of light. 
